mia has been used to prevent brain damage in patients with severe head injuries [6, 14] . However, undesirable side effects such as shivering, cardiac arrhythmia, increased blood viscosity and bleeding have been reported to occur after re-warming from profound hypothermia (10-15°C ) [15] . Nevertheless, several recent reports have established new interest in the possibility of using moderate hypothermia to suppress damage following TBI [14, 16] . Lowering brain temperature produces behavioral protection after experimental TBI [17, 18] . Recently, we showed a marked enhancement of neuronal excitability in the lateral hippocampus 1 week after administration of FPI to the cerebral cortex [19] [20] [21] [22] . The aim of the present study was to examine whether very mild hypothermia (35°C) prevents the FPI-induced enhancement of excitatory synaptic transmission in the hippocampal CA1 area.
MATERIALS AND METHODS

Surgical operation and FPI
This study was carried out in accordance with Kurume University's Guide for Animal Experimentation. Animals were maintained on a 12/12 (light-dark) cycle and given food ad libitum. FPI of the rat brain was induced by the methods described previously [4, 5, [19] [20] [21] 23] . Briefly, adult male Wistar rats (250-300 g) were anesthetized by intraperitoneal (i.p.) administration of pentobarbital sodium (Nembutal, 50-60 mg/kg, i.p.). The rat scalp was sagittally incised from bregma to lambda and a 3 mm hole was trephined in the skull at -3 mm (i.e. caudal) from the bregma, 3.5 mm left of the sagittal suture. One day later the rats were anesthetized again with pentobarbital sodium and connected to the fluid percussion device (HPD-1700: Dragonfly R & D, Inc., Ridgeley, WV, USA). Brain injury was produced by allowing a metal pendulum to strike the piston of the injury device. Moderate impact with pressure (4.2±0.1 atm) was made by injection of a small volume of saline into the closed cranial cavity for 10 ms. The resulting pressure pulse was measured extracranially by a pressure transducer and recorded on a storage oscilloscope (DS-8608A: Iwatsu Test Instruments Co., Tokyo, Japan) to detect any sign of a jagged rising edge. Delivery of moderate impacts to the left parietal cortex was associated with a brief, transient apnea (2-5 s) but no seizure episode. Rats fully recovered from the anesthesia 30-60 min after the impact, and their subsequent behavior, including feeding and grooming, was normal. No evidence of any behavioral seizure activity was seen 1-2 weeks after FPI.
Sham-operated rats were treated in the same way including the connection to the FPI device, but the pendulum was not released.
Optical recordings from hippocampal brain slice preparations
After a survival period of 1 week, the rats were again anesthetized with pentobarbital sodium (50-60 mg/kg, i.p.) and killed by decapitation. For brain slice experiments, the whole brain was rapidly removed and immersed for 8-10 s in a cooled artificial cerebrospinal fluid (ACSF at 4-6°C) that was pre-bubbled with 95% O 2 -5% CO 2 . The composition of the ACSF was as follows (in mM): 117 NaCl, 4.7 KCl, 2.5 CaCl 2 , 12 MgCl 2 , 25 NaHCO 3 , 1.2 NaHPO 4 , and 11 d-glucose (294 mOsm). Neuronal activities from the hippocampal CA1 areas were measured by optical recording methods described previously [24] [25] [26] . Horizontal sections of the brain slices (400 μm) were cut at -5.6-6.4 mm from the bregma near the temporal lobe of the cerebral cortex ( Fig. 1Aa and b ). Brain slices were left for 1 h to recover in oxygenated ACSF at room temperature (22-24°C) and submerged in ACSF containing the voltage-sensitive dye RH-482 (0.1 mg/ml) (HAYASHIBARA BIOCHEMICAL LAB, Okayama, Japan) for 18 min. Optical images were acquired using a l28×128 photodiode array with a time-resolution of 0.6 ms (HR Deltaron 1700: Fuji Photo Film, Tokyo, Japan). A single voltage pulse (10-50 V for 400 μs) was applied through a concentric bipolar electrode (80 μm in diameter) placed on the Schaffer collaterals in the hippocampal CA2 region (Fig. 1Aa) . Neuronal activity can be detected as the ratio of absorption signals due to neuronal excitation to the background light signals taken before stimulation [25, 26] . The fractional change in the optical signal was coded in color or gray scale. The amplitude and time course of the optical signal were also recorded by 7×7 photodiode array (49 pixels) on the spreading pathway.
Brain temperature
The brain temperature was measured by an electronic thermometer (BWT-100: BIO RESEARCH CENTER, Nagoya, Japan) with a 0.32 mm diameter probe (model IT-23: Physitemp Instruments, New Jersey, USA) placed in the right frontal lobe. The rectal temperature was also measured by the same device with a 0.32 mm diameter probe (model HS-10: Physitemp Instruments) inserted to the rectum. Simultaneous recordings showed that the brain and rectal temperatures were both maintained at 37.5±0.2°C (n=4). There was no significant difference in the temperature between these two tissues (p>0.2). The rectal temperature was, therefore, used throughout the experiments as the indicator of body temperature. Mild hypothermia (35°C) was achieved by application of a cooling pad placed underneath the FPI rats. Sham-operated rats (group Sham-N) underwent all surgical procedures, including post-TBI temperature manipulation, but were not subjected to the pressure pulse.
Statistical analysis
Experimental data from different slices were pooled and presented as the mean±SE (standard error of the mean). Differences between experimental and control values were tested using the unpaired Student's t-test; p<0.05 was considered statistically significant. Comparison of groups (more than three) were assessed by the one-way or two-way analysis of variance (ANOVA), followed by Scheffe's test for multiple comparisons; p<0.05 was considered significant.
RESULTS
Neuronal activities in the hippocampal CA1 area in FPI rats
Neuronal activities in the hippocampal CA1 area were recorded from lateral hippocampal slices lying 5.6-6.4 mm deep to bregma. In sham-operated rats, a single electrical stimulation (40 V for 400 μS) of the Schaffer collaterals in the hippocampal CA2 area first evoked excitatory optical responses of hippocampal CA1 neurons adjacent to the stimulated site with a latency of 1.2-2.4 ms and then spread toward the hippocampal CA1 area (Fig. 1B) . The optical response increased when the stimulus intensity was increased to 50 V. The effect of FPI on neuronal activity of the hippocampal CA1 area was also examined after a survival period of 1 week, during which the animal's behavior, including feeding and grooming, were normal. It was shown that blood obtained from the common carotid artery under pentobarbital anesthesia showed no evidence of significant cardiorespiratory compromise in FPI rats [19, 20] . There was no significant difference in the weights of the sham-operated and FPI-treated rats before impact and 7 days later. Figure 1C shows sample records of the optical response obtained from FPI rats. The intensity of the optical response evoked by stimulus intensities of 40 and 50 V appeared to be higher than that of sham-operated rats. The propagation area of the neuronal activity was determined by counting the number of pixels in the hippocampal CA1 area of FPI rats [27] . The maximum propagation area of the neuronal excitation measured 12-20.4 ms after nerve stimulation was 0.31 mm 2 and 0.64 mm 2 in sham-operated and FPI rats, respectively.
The temporal change in the optical response recorded by 7×7 photodiode array (49 pixels) is characterized by initial fast, followed by slow components in the hippocampal CA1 area [22, 28] . It has been shown that the fast and slow optical responses correspond to both presynaptic action potentials and excitatory synaptic responses in the hippocampal CAl region [20, 25, 28] . Figure 2A shows the fast and slow optical responses separately recorded at (#1) and (#2) on the hippocampal CA1 area, 100 and 500 μm away from the stimulation electrode, respectively [22] . In sham-operated rats, the amplitude of the fast optical response evoked by a stimulus intensity of 40 V was 43±5.1 (×10 -3 %) (n=12) of background signals in right (Rt) hippocampal slices, contralateral to the impact side, and 42±5.3 (×10 -3 %) (n=12) of background signals in left (Lt) hippocampal slices, ipsilateral to the impact side. The amplitudes of the slow component were 14±1.1 (×10 -3 %) (n=12: Rt) and 15±0.9 (×10 -3 %) (n=12: Lt) of background signals. Thus, the intensity of neuronal activity was almost the same in bilateral hippocampal CA1 regions of sham-operated rats. Pharmacological properties of the fast and slow optical responses obtained at locations (#1) and (#2), respectively were examined in sham-operated rats ( Fig.  2A ). Bath-application of tetrodotoxin (TTX, 1 μM) completely blocked the fast optical response. The slow component of the optical response was depressed by 6, 7-dinitroquinoxaline-2, 3-dione (DNQX, 20 μM), an (±)-α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate receptor antagonist. TTX (1 μM) also blocked the slow component of the optical response in the hippocampal CA1 neurons.
The fast and slow optical responses were recorded by 49-pixel photodiode array at two places (#1) and (#2) in sham-operated and FPI rats. Figure 2Ba shows an example of the effect of FPI on the fast optical response in hippocampal CA1 neurons. The amplitude of the fast optical response in FPI rats showed no obvious differences from that in sham-operated rats. The amplitudes of the fast component of the optical re- sponse obtained from sham-operated and FPI rats are summarized in Table 1 . The effect of FPI on the slow component of the optical response was examined at 500 μm away (#2) from the stimulus electrode in hippocampal slices (Fig. 2Bb) . In contrast to the fast optical response, the slow optical response appeared to increase in amplitude as compared with that of shamoperated rats (p<0.01). Pooled data of these results are summarized in Table 1 . These findings suggest that FPI selectively enhances the slow optical response, which is closely related to the excitatory synaptic transmission in hippocampal CA1 pyramidal neurons.
Effects of mild hypothermia on the hyperactivity of the hippocampal CA1 area
Post-traumatic hypothermia has been shown to improve the histopathological impairment following consecutive brain injury [6, 14] . The present study examined the effect of mild hypothermia (35°C) on optical responses in the hippocampal CA1 area of FPI rats. The rectal temperature was monitored by a thermometer placed in the rectum during the FPI procedure, because the brain temperature was almost identical to that of the rectal temperature (see Methods). The rectal temperatures of FPI rats were then lowered from 37.5±0.2°C (n=7) to 35.2±0.2°C (n=7) within 30 min (Fig. 3A) . As a control, mild hypothermia was administered for 3 h in sham-operated rats, and the optical response was examined 1 week after administration of hypothermia. The fast and slow optical responses showed no obvious changes by mild hypothermia itself (not shown). Next, the neuronal activity in hypothermic FPI rats was compared with that in rats receiving FPI alone (Fig. 3B lower panels) . Two groups of rats received mild hypothermic treatment (35°C). One group of FPI rats was subjected to 1 h of hypothermia immediately after administration of FPI. The other group received hypothermia for 3 h after the FPI. Figure 3C (upper panels) shows the effects of hypothermia (35°C) on the propagation of neuronal activity of hippocampal CA1 neurons in FPI rats treated with hypothermia (35°C) for 1 h. The intensity and the propagating area of the optical response were clearly reduced in the hypothermic FPI rats as compared to the FPI-alone group. The administration of hypothermia for 3 h also attenuated the FPI-induced enhancement of the intensity and propagating area of neuronal activities (Fig. 3C, lower panels) . There was no statistical difference between the FPI rats receiving 1 h or 3 h of hypothermic treatment. The effect of hypothermia on the propagation area of the optical signal was also examined in FPI rats. The maximum propagation area of the neuronal excitation measured 12-20.4 ms after nerve stimulation was 0.35 mm 2 in a FPI rat treated with mild hypothermia. Pooled data showed that the area of propagation in rat hippocampus was depressed to 45±10% (n=4) of that in FPI rats without hypothermic treatment.
The effect of hypothermia on the fast optical responses obtained at location #1 (see inset in Fig. 2A ) was examined (Fig. 4A) . The amplitudes of the fast optical response were recorded from FPI rats with normothermia and those treated with 1 and 3 h hypothermia. The amplitude of the fast optical response evoked by stimulus intensities of 40 V was the same in shamoperated and FPI rats with or without hypothermia for 1 and 3 h (Table 1) . When the amplitude of the fast optical responses in the control (sham-operated) rats was depicted as 100%, the fast optical responses were 101±8.0% (n=9: Lt) and 98±12% (n=9: Rt) of the control in FPI rats, 104±8.0% (n=10: Rt), 110±6% (n=10: Lt) of the control in FPI rats treated with hypothermia for 1 h, and 104±12.0% (n=9, Rt) and 112±13.0% (n=9, Lt) of the control in FPI rats with 3 h hypothermia. No statistically significant differences were observed in the data obtained from the 4 groups (p>0.1). These results suggest that presynaptic action potential was not altered by either FPI or hypothermic treatment. The relationship between the stimulus intensity (10-50 V) and the amplitude of the fast optical response (input-output relation: I/O function) was measured in sham-operated and FPI rats (Fig. 4C) . There was no statistical difference in the amplitudes of the fast optical response evoked by a single nerve stimulation at 10 V between sham-operated and FPI rats, indicating that FPI does not alter the threshold for excitatory synaptic responses in hippocampal CA1 neurons. The fast optical response increased in amplitude as the stimulus intensity was strengthened from 10 to 50 V. The fast optical responses in FPI rats had almost the same amplitudes as those in sham-operated rats. Thus, the I/O curve of the fast optical responses of sham-operated rats overlapped that in FPI rats. There was no difference between ipsi-and contra-lateral hippocampal CA1 areas. Furthermore, mild hypothermia (35°C) did not alter the threshold for the fast optical response. The slope of the I/O relation evoked by stimulus intensities between 10 and 50 V was not obviously altered by mild hypothermia for 1-3 h in FPI rats. Thus, the slope of the I/O curves of the fast optical response in FPI rats treated with hypothermia (1-3 h) was almost the same as that of the I/O curves in sham-operated and FPI rats (Fig. 4) . These results suggest that hypothermia (35°C for 1-3 h) does not affect the presynaptic excitation in hippocampal CA1 area.
The slow optical responses were recorded at location #2 (see inset in Fig. 2A) . Two separate groups of FPI rats were subjected to different hypothermic treatments. One group of rats received mild hypothermia for 1 h and the other group of rats received hypothermia for 3 h. Figure 5A shows sample records of the slow component of the optical signals evoked by stimulation (40 V) of the Schaffer collaterals in FPI rats with normothermia (a) and those treated with hypothermia for 1 h (b) and 3 h (c). The amplitude of the slow optical response in FPI rats was normalized by treatments of mild hypothermia for 1 and 3 h. Pooled data of the slow components obtained from FPI rats with normothermia as well as FPI rats with 1 and 3 h hypothermia are shown in Table 1 . When the amplitude of the slow optical responses in sham-operated rats was depicted as 100%, the amplitudes of slow optical responses were increased to 168±14.2% (n=9: Rt) and 170±8.1% (n=9: Lt) of the control (sham-operated rats) in FPI with normothermia (37.5°C ) rats (Fig. 5B) . In contrast, the slow optical responses were reduced to 107±11% (n=10: Rt) and 97±8.0% (n=10: Lt) of the control in FPI rats treated with hypothermia for 1 h, and 93±6.8% (n=9: Rt) and 92±4.2% (n=9: Lt) of the control in FPI rats treated with hypothermia for 3 h (Fig. 5B) . There was no statistical difference between the two hypothermic groups. Figure 5C shows the I/O function for the slow optical response in sham- . Closed and open symbols were obtained from contralateral (Rt) and ipsilateral (Lt) hippocampus, respectively. Circles and triangles were taken from sham-operated and FPI rats, respectively. Squares and diamonds were obtained from FPI rats treated with 1 and 3 h hypothermia, respectively. The numbers of experiments were 12 (sham-operated), 9 (FPI with normothermia), 10 (FPI with hypothermia for 1 h) and 9 (FPI with hypothermia for 3 h). Vertical line indicates the SE of mean. There was no statistical significance between data. operated rats and FPI rats with normo-and hypothermia (1 and 3 h). FPI itself increased the amplitude of the slow optical responses evoked at stimulus intensities of 20-50 V (Fig. 5C ). The slope of I/O function of the slow optical responses was significantly increased by FPI. These results suggest that the efficacy of synaptic transmission is enhanced in horizontal brain slices from the hippocampal CAl area at 1 week after FPI. The slope of the I/O curves of the slow optical response in FPI rats with hypothermia (1-3 h) was almost the same as that of sham-operated rats (Fig. 5C) . These results indicate that the mild hypothermia (35°C for 1-3 h) prevented post-traumatic hyperactivity of excitatory synapses in the hippocampal CA1 area.
DISCUSSION
The present study showed that spatiotemporal spreading of the neuronal activity in the lateral hippocampal CA1 area was enhanced following administration of FPI to the left parietal cerebral cortex. FPI enhanced the slow component but not the fast component of the optical response. FPI increased the slope of I/O function of the slow (but not fast) component of the optical responses evoked by stimulus intensities of 10-50 V. However, there was no difference in the fast optical response threshold evoked at 10 V between sham-operated and FPI rats. Temporal change in the optical response recorded by 49-pixel photodiode array showed that FPI preferentially enhances the slow optical response but not the fast optical response. It is known that the fast and slow components of the optical response in rat hippocampal CA1 areas mainly reflect the presynaptic action potentials and excitatory synaptic activity, respectively [22, 25] . Previous studies have shown that FPI did not alter the neuronal activity of presynaptic neurons in the hippocampal CA1 area of horizontal brain slices [22] . Furthermore, FPI markedly enhanced the excitatory postsynaptic potential (EPSP) following FPI in the hippocampal CA1 area [21] . Thus the enhanced propagation of optical activity in hippocampal CA1 neurons is mainly due to the enhancement of excitatory synaptic activity. It is possible that the post-traumatic hyperexcitability is due to pathologic inhibition of γ-aminobutyric acid (GABA)-neurons, because GABA-neuron loss lowers the action potential threshold for developing self-sustained seizure activity 1-12 weeks post-injury [10, 11, 13] . However, a previous study showed that the post-traumatic enhancement of excitatory synapses was not directly related to the disinhibition of GABAergic neurotransmission in the hippocampal CA1 area [21] . Further, FPI caused no considerable change in gross structure in the lateral hippocampal CA1 neurons lying 5 mm deep relative to the injured cerebral cortex [19, 20, 22] . Functional studies showed post-traumatic hyperactivity of excitatory synaptic transmission in DG neurons in FPI rats [29] . These results suggested that the function of excitatory (glutamatergic) neurons is directly enhanced 1 week after FPI in the lateral hippocampal CA1 area.
To examine the effect of hypothermia on the FPIinduced hyperexcitability of excitatory synaptic responses, mild hypothermia (35°C for 1-3 h) was induced immediately after FPI in the rats. FPI rats with mild hypothermia showed no obvious post-traumatic hyperactivity of the slow optical response in hippocampal CA1 neurons. The slope of the I/O function evoked by 10-50 V in FPI rats with mild hypothermia (1 and 3 h) was almost the same as that in sham-operated rats. These results suggest that administration of mild hypothermia (for 1-3 h) immediately after head trauma prevents the development of the hyperactivity of excitatory synapses. The beneficial effect of hypothermia has been attributed mainly to decrease in brain energy demands [30] [31] [32] . However, in later experiments on brain ischemia, it was reported that mild hypothermia during the ischemic insult markedly attenuates neuronal damage in vulnerable brain regions, while the degree of high-energy phosphate depletion and lactate accumulation at the end of the insult do not differ from those in a normothermia condition [33] . Therefore, the neuroprotection by mild hypothermia is not simply due to a decrease in energy demand of neurons in the central nervous system (CNS). It has been shown that following TBI, activation of AMPA/kainite and N-methyl-d-aspartic acid (NMDA) receptors by pathologic release of excitatory amino acids (EAAs) [34, 35] causes excitotoxic damage of cells through direct or indirect pathways [36, 37] . Accumulation of EAAs in the interstitial space after TBI leads to a massive increase in Ca 2+ influx and eventually to cell death [38] . Mild hypothermia has been shown to protect against glutamate excitotoxicity in the interstitial space of the brain after TBI or ischemic insults, by preventing a massive increase in cytosolic Ca 2+ concentrations in neurons [39] [40] [41] . In normal slice preparations, the amplitude of the population spike evoked by orthodromic stimulation in the hippocampus in vitro peaks at around 30°C [27, 42, 43] . This observation does not positively support the idea that physiological release of glutamate is decreased by mild hypothermia. It should be noted, however, that the excessive glutamate release after brain injury may include a pathological release of glutamate from glia cells [44] . In pathological conditions, it has been reported in microdialysis studies that the increment of glutamate release induced by ischemic insults or TBI is markedly attenuated by mild hypothermia conditions [39, 40, 45] . On the other hand, it has also been reported in an experimental TBI model and in glutamate neurotoxicity model studies that mild hypothermia has beneficial effects, such as reduction of the volume of cortical damage, without affecting interstitial concentration of glutamate [41, 46] . Thus, the precise mechanisms of neuroprotective action of mild hypothermia on the glutamate excitotoxicity are unclear at present. However, mild hypothermia may suppress the glutamate-induced excessive increase in Ca 2+ in the intracellular space of hippocampal neurons after the FPI.
Several molecular biological cascades have been proposed in the process of post-traumatic hyperactivity in central neurons. It has been shown that brain injury generates reactive oxygen species (ROS) in the early post-traumatic period that spread through the vulnerable CNS and produce the deleterious consequences of brain injuries [47] . Superoxide has been shown to increase the function of excitatory synapses as a messenger molecule in the neuronal processes of long-term potentiation (LTP) [48, 49] . Melatonin, phenylbutylnitrone and edaravone, free radical scavengers, have protective effects against TBI via scavenging ROS and reactive nitrogen species (RNS) [29, [50] [51] [52] . It has been demonstrated that mild hypothermia (32-34°C) reduces post-traumatic neuronal disturbance by suppressing the production of superoxide and NMDA receptor-mediated nitric oxide (NO) production [53] [54] [55] . The mild hypothermia-induced neuroprotection may be due to reduced post-traumatic induction of ROS in the rat brain. Although the mechanisms remain unclear, our present results suggest that mild hypothermia (35°C) applied 15 min after FPI attenuates the post-traumatic hyperactivity of excitatory synapses in rat hippocampal CA1 neurons.
